We report high-pressure x-ray diffraction and magnetization measurements combined with ab-initio calculations to demonstrate that the high-pressure optical and transport transitions recently reported in TiOCl, correspond in fact to an enhanced Ti Interaction among different degrees of freedom provides a way for opening up a gap for the collective excitations, and different types of long-range order become then possible.
We report high-pressure x-ray diffraction and magnetization measurements combined 1D electronic systems are particularly susceptible to different instabilities and to the effect of thermal/quantum fluctuations. In many cases this results in the low-lying gapless excitations that frustrate a long-range order and leads to a very rich phase diagram, with interesting phases like spin liquids or resonance valence bonded states. 1, 2 Interaction among different degrees of freedom provides a way for opening up a gap for the collective excitations, and different types of long-range order become then possible.
Among the latter, a magnetoelastic coupling in S=1/2 chains results in a spin-Peierls phase transition to a low temperature nonmagnetic dimerized structure, 3, 4 which is a localized counterpart of a conventional Peierls transition for itinerant electrons. 5 This effect was found in CuGeO 3 , 6 for a long time the only inorganic system with a pure spin-Peierls distortion. Recently, the possibility that TiOCl shows a low temperature spin-Peierls dimerization has been suggested, although the behavior of this material is probably more complex. Temperature dependent x-ray diffraction, 7 On the other hand, Kuntscher et al. 12 observed a strong suppression of the transmittance and an abrupt increase of the near-infrared reflectance above ∼10 GPa in TiOCl. These effects were interpreted as a pressure-induced metallization of the 1D chain. This finding, if confirmed, could provide an exceptional opportunity to study the low energy electronic excitations of a 1D itinerant-electron system, as well as a type of Mott transition in reduced dimensions. Later on, a structural phase transition was observed in isostructural TiOBr, coincident with the proposed pressure-induced metallization. 13 Nevertheless, the structure of this high-pressure phase was not resolved, and the issue of whether the system is truly metallic at high pressure was not clarified. Recently,
Forthaus et al.
14 measured the resistivity up to ∼25 GPa and reported an anomalous decrease of the electronic gap above ∼12 GPa in TiOCl, but ruled out the existence of a metallic phase at high-pressure. The reduction of the gap was attributed to a pressuredependent competition between direct and indirect hopping along Ti-Ti and Ti-O-Ti bonds, respectively, and has been shown to be connected with an anomalous change of the lattice parameters with pressure. However, no evidence for structural phase transition in TiOCl has been reported within the accuracy of the energy dispersive x-ray data.
In this work, we report the strong enhancement of a dimerization of the 1D spin-chain of TiOCl under pressure, which for P>~10 GPa exists already at room temperature. Ab- In Fig. 1 In Fig. 2 we show the results of the x-ray diffraction under pressure. Increasing pressure up to ∼9.5 GPa causes a progressive displacement of the peaks towards higher angles and a broadening, most likely due to a slight non-hydrostaticity at the higher pressures.
The pattern at ambient pressure and up to 9.5 GPa are well fit within the orthorhombic symmetry of the Pmmn space group, giving a=3.79(4) Å, b=3.38(3) Å and c=8.03 (7) change of behavior, with the rapid decrease of an energy gap, our high-resolution x-ray diffraction using synchrotron radiation show a structural phase transition (inset in Fig.   2 ). The peaks of the high-pressure phase can be indexed within the monoclinic space group P2 1 /m. Rietveld refinement of the high pressure monoclinic phase (see Fig. 3 )
results in values of the lattice parameters at 15.2 GPa of a= 3.536(3) Å, b= 6.631(3) Å, c= 7.027(7) Å, and β = 98.89(8)º. The small differences between the experimental and the calculated patterns are due to the difficulty in reproducing the broadening of the peaks. However, the structural transition is reproducible and reversible, ruling out any extrinsic origin. These results are also consistent with those reported for TiOBr. 13 According to our structural data, the effect of pressure is to induce an alternating tilting distances are 2.95±3 Å and 3.69±4 Å. Moreover, the structural transition produces changes in the electronic structure with the formation of molecular orbitals within the dimer. This modifies strongly the excitation spectra, leading to a dramatic reduction of the electronic gap with respect to the undimerized orthorhombic phase (Figure 4 ).
Within the orthorhombic structure the gap decreases with pressure by about 30 %, to ~ 1 eV, in good agreement with the reduction observed exerimentally. 12, 14 In the dimerized monoclinic structure, stable at room temperature beyond ~10 GPa, the gap reduces drastically to ~0.3 eV. This is again in very good agreement with the experimental observation of a sudden decrease of the charge gap at room temperture above ~10
GPa. 12 Our calculations predict that more than 30 GPa would be necessary to obtain such a reduction of the electronic gap without considering a structural transition.
On the other hand, in both phases the electronic structure of TiOCl derived from our calculations is strongly anisotropic (quasi-one-dimensional). The occupied t 2g orbital An important consequence follows also from the non-monotonic evolution of the degree of dimerization (difference of short-long distances) in the dimerized chain with pressure. As observed in the inset to Fig. 4 , this difference increases dramatically between 10 and 15 GPa. In this pressure range, the short Ti-Ti distance approaches the critical distance for metallic bonding. Our results support an enhanced shortening of the bond in order to form a molecular orbital, i.e. by a purely electronic mechanism. In this case the magnetic structure will play a secondary role, and hence the high pressure phase departs from the spin-Peierls scenario, and may be rather interpreted as a usual Peierls dimerization, proceeding from the itinerant limit. Since in TiOBr not only the change of the optical and structural properties is very similar to that of TiOCl, 13 but also ∂lnT SP /∂P is strongly enhanced with pressure, 20 we think that our scenario of a pressureinduced crossover from the spin-Peierls to a conventional Peierls state should be also valid for TiOBr.
In summary, we have demonstrated the existence of a structural transition at high pressure in TiOCl, at which the Ti 3+ -Ti 3+ dimerization is strongly enhanced as compared with that at ambient pressure. The shortest Ti
3+
-Ti 3+ metal-metal distance is consistent with partial electronic delocalization along the pairs. A dramatic reconstruction of the electronic crystal structure is driven by the proximity to the itinerant electron boundary in the short Ti-Ti bonds, suggesting a completely different mechanism for the highpressure dimerization, which should be treated not as a spin-Peierls, but rather as a Peierls transition.
